We have developed a simple fabrication method of a highly sensitive direct electron transfer-type electrochemical biosensor for hydrogen peroxide by use of cup-stacked carbon nanotubes (CSCNTs). The CSCNTs, formed by stacking of cup-shaped carbon units, has larger internal space and more hydrophilic edges, thanks to the presence of functional groups containing oxygen (e.g., -COOH, -OH), than multi-walled carbon nanotubes (MWCNTs). When the CSCNTs suspension was cast, the CSCNTs were dispersed homogeneously onto a glassy carbon (GC) electrode, and horseradish peroxidase (HRP) was immobilized firmly by physical adsorption without any chemical reactions. The flow injection analysis (FIA) system with the HRP/CSCNTs/GC electrode has superior sensitivity and stability to the HRP/MWCNTs/GC electrode. The detection limit was 0.75 nM (S/N = 3) and the activity was maintained over 85% for 21 days. Further, when the glutamate oxidase (GlOD)-immobilized reactor was set into the proposed FIA system, L-glutamate could be detected repeatedly with a detection limit of 1.2 nM (S/N = 3).
Introduction
Hydrogen peroxide is involved in many oxidase-based biological reactions as a by-product. Therefore, developing the rapid, accurate, reliable, simple and sensitive determination method is necessary to realize practical oxidase-based biosensors to detect many important analytes, such as glucose, lactate, cholesterol, choline and L-glutamate. 1, 2 However, conventional hydrogen peroxide determination methods such as chemiluminescence, 3 fluorometry 4 and titrimetry 5 are generally time-consuming and clumsy for operation. Electrochemical detection based on the use of Pt electrode offers highly sensitive and rapid detection, but such detection is affected by electroactive interferences in the absence of a permselective membrane such as Nafion film (based on charge exclusion) 6 or an electropolymerization film (based on size exclusion) 7 on the electrode surface, which also decreases responses for hydrogen peroxide to 10 -50% of the native value.
Nowadays, horseradish peroxidase (HRP) has been widely used for the fabrication of electrochemical biosensors for the detection of hydrogen peroxide. The HRP electrochemical biosensors are divided broadly into two classes: mediator type and direct electron transfer (DET) type. 8, 9 In the mediator-type biosensors, the mediators must have access to the enzyme redox center and allow fast electron transfer to the electrode surface.
This type of biosensor could keep the detection limits as low as 100 to 10 μM by use of mediators such as ferrocene derivatives, 10 osmium redox polymers 11 or organic dyes. 12 Such low and insufficient sensitivity is caused by the rate-limiting of the diffusion of the mediator to the electrode. When using a mediator-modified immobilization matrix such as osmium polymer, one finds that the electron transport between the enzyme and the electrode occurs by electron hopping phenomenon, which becomes rate-limiting.
Further, the mediators are oxidized so easily by air and light; such a change causes baseline drifts. Therefore, several inventions are needed to fabricate highly sensitive biosensors based on mediators. 9 On the other hand, the mediatorless-type biosensors based on DET between enzyme and electrode surface simplifies the reaction system; this will overcome the disadvantages of mediator-type biosensors, which will make a significant impact on the sensor fabrication.
Many DET-type hydrogen peroxide biosensors that use the unique electrochemical properties of carbon nanotubes (CNTs) have been reported. [13] [14] [15] [16] The CNTs dispersed on a glassy carbon (GC) electrode enhanced electrocatalytic activity and promoted electron transfer between proteins and the electrode. 17 However, homogeneous modification of CNTs onto GC electrodes still presents more technical challenges, because CNTs always form aggregates owing to very strong van der Waals interactions. Previously, researchers reported that CNTs had been dispersed into water containing a variety of surfactants, 18 organic solvents attracted much attention as a superior functional nanosized material in semiconductors 21 and adsorbents. 22 CSCNTs consisted of many cup-shaped carbon units with a hollow open channel of 50 to 150 nm in diameter, 23 different from the structure of conventional multi-walled carbon nanotubes (MWCNTs) made up of some seamless cylinders as shown in Fig. 1 . Such a structure provides more hydrophilic edges thanks to the presence of functional groups containing oxygen (e.g., -COOH, -OH) than MWCNTs, which consisted largely of hydrophobic graphene sheets. 22 Thanks to these surface characteristics, CSCNTs can be readily suspended in polar solvents with the aid of ultrasonication. 21 Further, in our previous study, we revealed that CSCNTs could adsorb much more enzymes than MWCNTs and other carbon materials. 24 In this work, we have developed a highly sensitive electrochemical biosensor for hydrogen peroxide by use of CSCNTs as both electrode material and enzyme immobilization support. The fabrication method, which is very simple, is only casting the CSCNTs suspension onto the GC electrode and circulating the HRP solution to the CSCNTs/GC electrode set up into the electrochemical flow-cell. The HRP/CSCNTs/GC electrode combined with flow injection analysis (FIA) could detect nano-molar level hydrogen peroxide. The performance was superior to that of the HRP/MWCNTs/GC electrode in the view of the facility of homogeneous modification on GC electrode, the sensitivity for hydrogen peroxide and the stability of the enzyme activity. As far as we know, this is the first paper to describe applications of CSCNTs to electrochemical biosensors. Further, the HRP/CSCNTs/GC electrode was applied to highly sensitive detection of L-glutamate by a glutamate oxidase (GlOD)-immobilized reactor positioned in the FIA system.
Experimental

Reagents and carbon nanotubes
The cup-stacked carbon nanotubes (CSCNTs) used in the present study were Carbere ® (short-air, i.d. 50 -70 nm, o.d. 80 -100 nm, length 2 -5 μm); they were gifts from GSI Creos Corporation.
Multi-walled carbon nanotubes (MWNTs: diameter 1.2 -20 nm, length 2 -5 μm) were purchased from SES Research Corporation.
Horseradish peroxidase (HRP: EC. Aminopropyl controlled pore glass (Aminopropyl CPG, mean pore size 53.8 nm, particle size 120 -200 mesh, amine content 98.2 μg mol -1 ) was obtained from CPG Inc.
L-Glutamate and hydrogen peroxide solution were from Wako. All other chemicals were of analytical reagent grade. The phosphate buffers used as a carrier solution were prepared from sodium dihydrogenphosphate. Distilled water was purified using a Millipore Milli-Q system (Nippon Millipore).
Fabrication of HRP/CNTs/GC electrode
An Eicom (Kyoto) thin-layer electrochemical flow-cell was used for the surface modification of the electrode. Prior to the surface modification, the GC disk (144 mm 2 ) was polished with 0.05 μm alumina slurry, rinsed thoroughly with double distilled water, and ultrasonicated in methanol for 10 s. Three milligrams of CSCNTs were dispersed in 2 mL of methyl ethyl ketone (MEK) with the aid of ultrasonication for 10 min. A 10-μL aliquot of this dispersion was dropped on the GC electrode surface and the solvent was evaporated soon at room temperature. After repeating this procedure 10 times, the CSCNTs/GC electrode was dried under vacuum for 30 min so that the solvent was evaporated thoroughly. By the same procedure, 1.0 mg of MWCNTs was dispersed in 2 mL of MEK and a 30-μL aliquot of this dispersion was dropped. By repetition of such procedures, MWCNTs/GC electrodes were prepared.
The CNTs/GC electrode was set into the electrochemical flow cell. The HRP/CNTs/GC electrode was prepared by adsorbing the HRP molecules onto CSCNTs or MWCNTs dispersed on the electrode surface, by circulating 1.5 mL (395 U mL -1 ) of enzyme-sodium phosphate buffer (0.1 M, pH 7.0) for 1 h. The completed electrode was stored in phosphate buffer at 4 C when not in use.
Fabrication of GlOD-immobilized reactor
Aminopropyl CPG was packed into a 20-mm long PTFE tube (3 mm i.d.) furnished with small nylon nets (300 mesh) at each end. The material was activated by circulating 4% (v/v) glutaraldehyde solution as previously described. 24 After washing with distilled water for 1 h, GlOD (3.6 U) was loaded onto the column by circulating the enzyme-sodium phosphate buffer (0.1 M, pH 7.0) solution for 2 h at room temperature. The excess of enzymes and the residual aldehyde groups on the support were removed by washing with glycine buffer (0.1 M, pH 7.5) for 2 h. When not in use, GlOD immobilized reactor were stored in 0.1 M sodium phosphate buffer (pH 7.0) at ca. 4 C.
Microscopy measurements of CNTs/GC electrode
The surfaces of CNTs/GC electrodes were observed with an optical microscope and a SEM micrograph. Optical images were collected using a microscope system equipped with a CCD camera (Keyence VB-L11). The SEM used in this experiment was 3D real surface view microscope (Keyence VB-9800).
Flow injection analysis system
The FIA system used for the hydrogen peroxide detection consisted of an Eicom GASTORR, a double plunger μL pump (Eicom), an injector (Rheodyne 7725) with a sample loop of 20 μL, an electrochemical detector (Eicom ECD-300) equipped with a potentiostat and a thin-layer flow-cell with an enzyme-modified GC disk, and an SIC Chromatocorder. For the L-glutamate detection, the GlOD-immobilized reactor was positioned between the injector and the electrochemical detector of the same FIA system.
Results and Discussion
Morphology of the CNTs/GC electrodes
Figures 2(A) and 2(B) show the images of the CNTs/GC electrodes taken with optical microscopy. Although optical microscopy is unable to resolve the tube shape, it clarifies the aggregate state of the dispersion on the GC electrode to be directly characterized on micrometer scale. Figure 2(A) shows the image of MWCNTs/GC electrode. Large and dense clusters of MWCNTs are found on the electrode. By contrast, CSCNTs could be dispersed homogeneously onto the GC electrode, as shown in Fig. 2(B) . Further, the SEM image of CSCNTs/GC electrode surface confirmed, the homogeneous dispersion of CSCNTs on nanometer scale, as shown in Fig. 2(C) . It is found that CSCNTs have more functional groups containing oxygen (e.g., -COOH, -OH) on cup edges than MWCNTs. 22 The electrostatic repulsion between CSCNTs and the affinity of CSCNTs for the polar solvent such as MEK mean that CSCNTs can be dispersed more homogeneously than MWCNTs.
We investigated the fabrication of the CSCNTs/GC electrode by use of other organic solvents such as chloroform, tetrahydrofuran (THF), acetonitrile, methanol, isopropanol (IPA), acetone and methyl isobutyl ketone (MIBK). In this experiment, the CSCNTs layer on the GC electrode should be homogeneous and thin to avoid high background current and noise level, so the amount of CSCNTs dispersed onto GC electrode should be low. Therefore, the solvent should meet three conditions: (a) dispersing CSCNTs homogeneously and stably, (b) spreading on the GC electrode smoothly and (c) evaporating over appropriate time. In chloroform and THF, CSCNTs were dispersed well. But, CSCNTs formed clusters because these solvents could not spread smoothly over the GC electrode. The dispersibility of CSCNTs to acetonitrile and methanol was very low, and to acetone and MIBK was well. However, the evaporating times of acetone and MIBK were not appropriate. In this experimental condition, acetone evaporated thoroughly until the CSCNTs-dispersed solution spread over the GC electrode, and MIBK evaporated so slowly that CSCNTs formed aggregates gradually. MEK and IPA were sufficient for the three conditions mentioned above. By comparison of the two solvents, we found that the amount of CSCNTs dispersed in MEK was slightly more than that in IPA.
These results indicate that alcohol and ketone are proper solvents for fabrication of CSCNTs modified GC electrode, because of dispersing CSCNTs well and spreading smoothly on the GC electrode. Further, the solvent that has a proper evaporating time for the experimental condition should be chosen.
HRP/CNTs/GC electrodes for hydrogen peroxide detection
The HRP/CNTs/GC electrodes responded to hydrogen peroxide, on the basis of the direct electron transfer between HRP and CNTs/GC electrode. The mechanism can be described as below. ) is a two-equivalent oxidized form containing an oxyferryl heme and a porphyrin π cation radical. There are several states of HRP in the bioelectrocatalytic cycles.
The effect of the amount of CSCNTs dispersed on GC electrode is shown in Fig. 3 . A maximum plateaus for both of peak height and peak area were obtained at 150 μg. When the amount of CSCNTs was less than 100 μg, the amount of HRP adsorbed onto CSCNTs was insufficient to facilitate hydrogen peroxide detection. In contrast, the amount of CSCNTs more than 200 μg CSCNTs gave a broad peak and similar behaviors 500 µm 500 µm 2.5 µm (C) (B) (A) Fig. 2 Optical images taken for (A) MWCNTs/GC and (B) CSCNTs/GC electrode surfaces and SEM image of (C) CSCNTs/GC electrode surface.
were also observed in the HRP/MWCNTs/GC electrode. In this case, the amount of CNTs is proportional to the distance between the electrode surface and the outmost HRP. Probably, the time difference in the electron transfer between adjacent and remote HRP caused the broad peak.
The hydrogen peroxide detection at HRP/CSCNTs/GC electrode was dependent on the carrier flow rate over the range of 100 -600 μL min -1 . The peak current and the peak width (at half-height of the signal) for the hydrogen peroxide decreased with the increase in the flow rate, because the carrier flow rate was related to the residence time of the sample zone on the enzyme electrode. Maximum sensitivity was obtained at 200 μL min -1 . Calibration curves for hydrogen peroxide in HRP/CNTs/GC electrodes obtained by the present FIA system are shown in Fig. 4 at the optimized experimental conditions that the carrier flow rate was 200 μL min -1 and the applied potential was 0.00 V (vs. Ag | AgCl). The sensitivity to hydrogen peroxide in HRP/CSCNTs/GC electrode was 2.2 times higher than that in HRP/MWCNTs/GC electrode. This ratio corresponded to the difference of the amounts of enzyme adsorbed on CNTs reported in our previous study. 24 This result can be explained from the two suitable structural characteristics of CSCNTs: large hollow open channels and many hydrophilic edges. In the past, it was proven experimentally that the amount of enzyme adsorbed on carbon materials depended on the pore size 25 and the confinement of enzyme in pores with a diameter that is 2 -6 times larger than their size considerably increased the stability of enzyme. 26 The diameter of CSCNTs used in this experiment (i.d. 50 -70 nm, o.d. 80 -100 nm) is sufficiently large to incorporate the HRP with a diameter in order of 5 nm. So, HRP can be adsorbed not only on the outer surface but also on the inner surface of CSCNTs. In contrast, the diameter of MWCNTs (1.2 -20 nm) may be so small that the HRP cannot enter the cavity. Further, CSCNTs have many more hydrophilic edges than MWCNTs. Those oxygen-containing groups should facilitate the adsorption of HRP, as a result of some interactions including hydrogen bonding and electrostatic interaction. 27 In HRP/CSCNTs/GC electrode, the strict linear relation was observed over a wide concentration range from 3.0 nM to 10 μM and the slope of the straight line was 144 nA μM -1 with a correlation coefficient of 0.991. The lower detection limit was 0.75 nM (S/N = 3). Therefore, HRP/CSCNTs/GC electrode enables the nano-molar detection of hydrogen peroxide. As far as we know, the lower detection limit is better than those of other DET-type HRP enzyme electrodes based on CNTs [13] [14] [15] and other materials. 28, 29 Compared to bare Pt electrode, which exhibits potential detection at +0.60 V (vs. Ag | AgCl), this electrode seems to be able to detect the lower concentrations of hydrogen peroxide. However, a Pt electrode needs a variety of surface modifications for selective detection of hydrogen peroxide as described above. The sensitivity should be much lower than that of the HRP/CSCNTs/GC electrode. On the contrary, the HRP/CSCNTs/GC electrode can detect hydrogen peroxide selectively and sensitively, because the applied potential is lower.
The reproducibility of the measurements was tested by six repeated injections of 1.0 μM hydrogen peroxide. The relative standard deviation was 0.32%. The fabrication reproducibility for three HRP/CSCNTs/GC electrodes was 3.6% for response to 1.0 μM hydrogen peroxide.
Two enzyme electrodes were used repeatedly to confirm the instability with time. The HRP/CSCNTs/GC electrode retained the sufficient enzyme activity over 85% in peak height, even after repetitive uses (about 3 h per day) for 21 days. The activity of HRP/MWCNTs/GC electrode decreased falling to less than 50%. This result is thought to be derived from the difference of the amount of HRP enzyme between these enzyme electrodes.
L-Glutamate detection
To make possible the nano-molar detection of L-glutamate, we inserted a GlOD-immobilized PTFE reactor into a FIA system with HRP/CSCNTs/GC electrode. The injected L-glutamate sample passed through the GlOD-immobilized PTFE reactor to produce enzymatically hydrogen peroxide as shown below, which could be detected amperometrically with the downstream HRP/CSCNTs/GC electrode.
FIA signals of L-glutamate at several concentrations obtained under the recommended flow conditions are shown in Fig. 5 . A prepeak before the L-glutamate peak was due to the shock when the injector has been switched. However, this prepeak did not interfere with the detection of L-glutamate. The peak heights of L-glutamate were about 20% lower and the peak shapes were broader than that of hydrogen peroxide. It was important that the peak shapes were affected by diffusion and slow enzymatic conversion in the reactor. The enzymatic conversion ratio from L-glutamate to hydrogen peroxide obtained by calculating from their peak areas was about 98% at every flow rate over the range of 100 -600 μL min -1 . This indicated that L-glutamate was converted thoroughly in the reactor. A linear relation between the signal currents and the concentrations was observed in the range from 3.0 nM to 10 μM, and the slope of the linear range was 173 nA μM -1 with a correlation coefficient of 0.995. The detection limit (S/N = 3) was 1.2 nM. The relative standard deviation of the signal currents was 0.62% for six repeated injections of 1.0 μM L-glutamate. As far as we know, the detection limit and the linear range of this proposed FIA system are lower than those of other L-glutamate electrochemical biosensors. [30] [31] [32] [33] [34] The present system will be applied to the in vivo monitoring of trace amounts of L-glutamate, as proposed before. 35 By combining the HRP/CSCNTs/GC electrode with other kind of oxidase immobilized reactor, we can also develop a highly sensitive electrochemical biosensor for several analytes, which will be very useful in clinical, industrial, pharmaceutical, food industry and environmental studies.
